ABSTRACT Behavioral responses of Aedes aegypti male populations developed for Release of Insects Carrying a Dominant Lethal (RIDL) technology and a Malaysian wild-type population of two age groups (4 Ð5 and 8 Ð10 d old) were tested under laboratory conditions against chemical irritants and repellents using the high-throughput screening system device. Results indicate that all male Ae. aegypti test populations showed signiÞcant (P Ͻ 0.01) behavioral escape responses when exposed to alphacypermethrin, DDT, and deltamethrin at the test dose of 25 nmol/cm 2 . In addition, all populations showed signiÞcant (P Ͻ 0.05) spatial repellent responses to DDT, whereas alphacypermethrin and deltamethrin elicited no directional movement in the assay. These data suggest that genetic modiÞcation has not suppressed expected irritancy and repellency behavior. Age effects were minimal in both contact irritant and spatial repellent assays. The magnitude of irritant response, based on percentage responding, was stronger in the RIDL test cohorts as compared with the wild-type Malaysian population, but the impact, if any, that this increased behavioral sensitivity might have on the success of a RIDL strategy has yet to be deÞned. Information of the type reported in the current study is vital in deÞning the effects of genetic modiÞcation on vector behavior and understanding how these behaviors may inßuence the success of RIDL technology as they relate to other vector control interventions implemented in the same disease-endemic locale.
Dengue fever afßicts large numbers of people, with an estimated 100 million cases, including 500,000 cases of dengue hemorrhagic fever, occurring annually (WHO 1995 , Gubler 2002 . The Aedes aegypti mosquito is the principal vector of dengue viruses and one of the most medically important mosquitoes worldwide (Gubler 2002) . The only effective way to manage or prevent this disease is through vector control (WHO 1997) , including larval habitat management and ultra-lowvolume insecticide application (WHO 1997 , Townson et al. 2005 . However, release strategies using genetically modiÞed (GM) vectors to control and reduce arthropod-borne diseases such as malaria and dengue are undergoing rigorous development (Alphey et al. , 2008 Alphey 2009 ). One example is the Ae. aegypti Release of Insects Carrying a Dominant Lethal (RIDL) technology developed by Oxitec Limited (Oxfordshire, United Kingdom) (Alphey and Andreasen 2002, Phuc et al. 2007 ). The goal of the RIDL strategy is to release genetically sterile Ae. aegypti males, engineered to carry a dominant lethal gene that is transferred to wild-type females during the mating process (Alphey et al. 2010) . When male insects mate with wild-type females, the offspring inherit a copy of the RIDL gene and die as pupae. The expected outcome is a reduction in the wild Ae. aegypti population, and thus a reduction in dengue transmission (Alphey et al. 2008 (Alphey et al. , 2010 .
Research evaluating the success of release strategies, such as that using RIDL technology, is predominately focused on determining effects on mating competitiveness as compared with unmodiÞed populations and the overall Þtness of GM males (i.e., the ability to survive and reproduce in the environment) under Þeld conditions (Scott et al. 2002 , Catteruccia et al. 2003 , Irvin et al. 2004 , Marrelli et al. 2006 ). Whereas such considerations are central to designing successful strategies, behavioral responses of GM males to chemical interventions, such as insecticide-treated nets (ITN) or indoor residual spraying (IRS) that may be implemented in these disease-endemic locales, may also inßuence success.
The RIDL strategy depends on the mating of GM males with wild-type females. As Ae. aegypti males are attracted to humans and mating occurs predominately near people to include inside homes (Takken and Scott 2003) , then quantifying the behavioral responses of RIDL males to repellent and irritant chemicals as they compare with a wild-type strain is vital in understanding the potential challenges to strategy success during implementation. For example, if a house has undergone an IRS treatment with a chemical that functions to repel arthropods, then the two strategies conßict and, rather than a potential synergistic or additive outcome for vector control, only the latter strategy will predominate. Similarly, if an irritant chemical is being used indoors, such as those in ITNs, irritancy responses of the vector will elicit escape from inside the home. This irritancy may lead to decreased time spent indoors, resulting in a decreased probability of male and female interaction, and thereby successful transfer of genetic material.
Previous research has evaluated the behavior of female (Kongmee et al. 2004; Grieco et al. 2005 Grieco et al. , 2007 Chareonviriyaphap et al. 2006; Polsomboon et al. 2008; Achee et al. 2009 ), and male (Said et al. 2009 ) Ae. aegypti in response to chemical stimuli under either laboratory or Þeld conditions, but there are no published reports of studies speciÞcally examining contact irritant and spatial repellent responses of GM male populations. The aim of the current study was to investigate the behavioral responses of two age groups of RIDL and related wild-type Malaysian (MAL) Ae. aegypti male populations to standard vector control chemicals using the previously described highthroughput screening system (HITSS) laboratory assay (Grieco et al. 2005) . The goal was 2-fold: 1) to describe potential effects of genetic modiÞcation on expected Ae. aegypti behavioral responses as compared with a wild-type population, and 2) to begin to understand how these behaviors may impact the RIDL strategy as they relate to other vector control interventions that may be implemented in the same locale.
Materials and Methods
Mosquitoes. Two populations of male Ae. aegypti were used to evaluate behavioral responses: 1) a MAL wild-type strain colonized from material collected in Kuala Lumpur, Malaysia, and 2) the RIDL (OX513A-My) line. OX513A-My was derived from the LA513A line described by Phuc et al. (2007) by backcrossing LA513A to the MAL wild-type strain for Þve generations and then making homozygous for the transposon insertion. Selection of homozygous individuals was initially based on intensity of ßuorescence and then conÞrmed by polymerase chain reaction after mating/ laying. To minimize the effects of inbreeding, 44 independent homozygous females were combined with homozygous males and pooled to create the OX513A-My homozygous strain used in this study. LA513A was originally generated in a Rockefeller strain background. Eggs of OX513A (Ϸ25Ð30 generations after homozygosis) and F50 Ð55 eggs of the MAL wild-type strain were shipped from Oxitec Limited (Oxfordshire, United Kingdom) to the Uniformed Services University of the Health Sciences (Bethesda, MD). Insects were reared at 27 Ϯ 2ЊC with 80 Ϯ 2% RH and a 12-h L:D cycle. Egg papers were vacuum hatched and larvae counted into individual groups of 250 in trays containing 1 L of water. MAL larvae were reared in tap water, but OX513A larvae were reared in tap water containing a dietary supplement, tetracycline, which suppresses the lethal gene (Phuc et al. 2007 ); males to be released into the environment in a RIDL-based control program would be reared in this way. Larvae were provided 0.15Ð 0.2 g of Tetramin ornamental Þsh ßakes (Tetra Holding, Blacksburg, Germany) daily. Male pupae were manually separated from female pupae, according to size, in preparation for test assays. Male adult mosquitoes were provided a 10% sucrose solution until 24 h before experiments, and then replaced with cotton pads soaked with water alone. Test populations consisted of two age groups, 4 Ð5 d old and 8 Ð10 d old. Two age groups were evaluated based on previous laboratory studies, which indicate that chronological age may contribute to differences in behavioral responses of female Ae. aegypti upon chemical exposure (Chareonviriyaphap et al. 2006) . Both populations were from the second generation of adults following transfer of eggs to the Uniformed Services University of the Health Sciences insectary.
Chemicals. Chemicals evaluated in this study were selected based on current World Health Organization Pesticide Evaluation Scheme recommended vector control products for ITN (WHO 2007a ) and IRS strategies (WHO 2007b) . Test compounds were diluted in acetone and evaluated at 25 nmol/cm 2 alphacypermethrin (BASF, The Chemical Company, Florham Park NC; Lot 418-150A), DDT (Sigma-Aldrich, St. Louis, MO; CAS 50-29-3), and deltamethrin (SigmaAldrich; CAS 418-66B). Treatment solutions of 1.5 ml were applied evenly to netting strips (275 cm 2 ) using a micropipette. Additional nets were treated with 1.5 ml of acetone to serve as untreated controls. After treatment, net strips were air dried for 15 min before use in assay. The nets were positioned inside the metal cylinders of the HITSS assay using magnets and used for both contact irritancy and spatial repellency assays during a single test day, as previously described (Grieco et al. 2005 ). New treatment and control nets were prepared daily.
Assays. The assays were conducted between 0800 and 1700 hours using previously described HITSS assay protocols (Grieco et al. 2005 ). For all test days, the laboratory temperature ranged from 23ЊC to 25ЊC and the RH ranged from 40 to 65%. All tests were conducted in a chemical fume hood. At the end of each dayÕs testing, the entire chamber system was cleaned to prepare for a new chemical. Metal cylinders were washed using acetone, whereas other components were washed using a laboratory detergent solution (Liqui-Nox, Alconox, White Plains, NY). Assay components were allowed to air dry overnight before reuse.
Contact Irritancy Assay (CIA). The CIA is composed of two chambers: a metal cylinder and a clear cylinder (Fig. 1) . The metal cylinder holds the treatment netting and is attached to the clear cylinder using a linking section that contains a butterßy gate. Black felt pieces are used to cover the clear cylinder and each end cap to control for behavioral interference from ambient light. Ten mosquitoes were transferred into the treatment metal cylinder though a portal in the end cap. Having the butterßy valve closed, the mosquitoes were allowed to equilibrate for 30 s. The butterßy valve was then opened for 10 min (i.e., duration of a single assay period). The valve was then closed, and counts were recorded of the number of mosquitoes escaping into the clear chamber, the number that remained within the metal chamber, and the number that were knocked down in each (deÞned as the insect lying on its side and not able to right itself after gently prodding; Grieco et al. 2005) . Mosquitoes were then removed, and a new test population was introduced. A matched control assay containing an acetone net was conducted simultaneously with each treatment assay for each test population. A total of six replicates was performed for each chemical. Each assay system was rotated after the third replicate to control for positional bias.
Spatial Repellency Assay (SRA).
The SRA is composed of three chambers: two metal cylinders attached to a clear central cylinder using linking sections (Fig.  1) . One metal cylinder contained a netting strip treated with a test chemical, and the other metal cylinder contained a netting strip treated with acetone solvent only. Black felt pieces were placed over the end caps of both metal cylinders while keeping the central clear cylinder uncovered. Twenty mosquitoes were transferred into the clear, central chamber and allowed to equilibrate for 30 s with the butterßy valve in the closed position. After this period, the butterßy valve was opened for 10 min (i.e., duration of a single assay period). After 10 min, the butterßy valves were closed and the numbers of mosquitoes within each chamber, as well as the number exhibiting a knockdown response, were counted. After each replicate, the metal chamber containing the acetone netting and the clear cylinder of each assay system were disassembled and allowed to ventilate for a 3-min period. Nine replicates were performed with each chemical treatment. Each system was rotated after the fourth replicate to minimize possible effects from positional bias. A separate SRA system containing two acetonetreated nets was run simultaneously for each test population during each replicate to monitor natural movement patterns. Data Analysis. The CIA and SRA data were analyzed, as previously described (Grieco et at. 2005 (Kramer and Mulla 1979) was used to interpret the SRA (SAS Institute 1999). The SAI value was calculated for each chemical using the following equation: SAI ϭ (Nc Ϫ Nt)/(Nc ϩ Nt), where Nc is the number of males in the control chamber and Nt is the number of males in the treated chamber. The SAI varies from Ϫ1 to 1, with 0 indicating no attractant or repellent response. An SAI value of Ϫ1 indicates that a greater proportion of mosquitoes moved into the treatment chamber than the control chamber, indicating an attractant response. A SAI value of 1 indicates a greater proportion of mosquitoes moved into the control chamber (away from the treatment end of the assay device), indicating a repellent response. A weighted SAI was also performed to factor into account the percentage of mosquitoes responding within a particular SRA (SAS Institute 1999). This was used to interpret variations in magnitude of response among test populations.
Results
SigniÞcant contact irritant responses were observed in each age group (4 Ð5 and 8 Ð10 d old) of both RIDL and MAL Ae. aegypti male test populations when exposed to alphacypermethrin, DDT, and deltamethrin at 25 nmol/cm 2 (P Ͻ 0.01) (Table 1) . However, there were signiÞcant differences in the mean corrected percentage escaping among the individual CIAs (analysis of variance, F ϭ 47.93, df ϭ 11, P Ͻ 0.0001). SpeciÞcally, the 4-to 5-d-old RIDL strain exhibited signiÞcantly stronger escape responses (percentage escaping) than the counterpart wild-type MAL strain when exposed to alphacypermethrin and DDT, whereas results from CIAs of the older test population (8 Ð10 d old) indicate a signiÞcantly stronger response in the RIDL males occurred only when exposed to deltamethrin (Table 1) . Escape responses between age groups within a test population were similar except for the MAL against alphacypermethrin (higher escape in 8 Ð10 d old) and RIDL against DDT (higher escape in 4 Ð5 d old; Table 1 ).
The only signiÞcant spatial repellent response was observed when test populations of both age groups were exposed to DDT at 25 nmol/cm 2 (P Ͻ 0.05; Table  2 ). There was no spatial repellent response to alphacypermethrin or deltamethrin test chemicals from either the RIDL or MAL test populations. Data indicate a slightly higher mean SAI for the RIDL population versus the wild-type MAL strain (Table 2 ), but when a weighted SAI was conducted to integrate the percentage responding within a particular SRA, results remained similar as to when percentage of response was not included (data not shown). This indicates that the variation in SAI between the populations did not impact the Þnal outcome of directional movement away from the DDT-treated material. In addition, no difference in the mean SAI existed between age groups within a test population. For the control systems (acetone-treated netting only), the SAI was not signiÞcantly different from 0, meaning that the populations moved randomly within the system (Table 2) .
Discussion
Chemical applications are used throughout endemic countries to control arthropod-borne diseases such as dengue and malaria. These strategies include IRS, ITN, thermal fogging, or ultra-low-volume spray treatments, which serve to reduce the risk of humanvector contact and potentially reduce disease transmission. As such, understanding adult vector behavioral responses to standard chemical control products is vital to designing effective implementation. This includes studies of both males and females, as chemical effects on either sex may inßuence vector and disease dynamics.
In many cases, several strategies, both chemical and nonchemical, are used in one endemic locale; however, the interaction of these interventions during simultaneous implementation is not well understood or researched. Identifying potential antagonistic (and synergistic) effects of one strategy on another is vital to the overall planning and prevention of disease. In the case of RIDL technology, the success of the strategy relies on the ability of the GM male population to mate with females from the natural Ae. aegypti population. Notorious for being highly anthropophagic and anthropophilic (Takken and Scott 2003) , if Ae. aegypti house entry and/or indoor resting behaviors are interrupted or modiÞed through repellent and irritant chemical actions, respectively, it seems possible that there could be confounding negative effects to the mating process and subsequent transfer of genetic material.
In this study, we investigated the irritant and repellent behavioral responses of the RIDL OX513A line and wild-type MAL Ae. aegypti male test populations to standard vector control chemicals under laboratory conditions. Results indicate signiÞcant contact irritant responses of RIDL and MAL males toward alphacypermethrin, permethrin, and DDT, with each population exhibiting signiÞcant spatial repellent responses only when exposed to DDT. These behavioral responses are similar to previous studies examining other wild-type male (Said et al. 2009 ) and female ) Ae. aegypti populations from Thailand in that only DDT elicited a spatial repellent response, whereas both DDT and pyrethroids caused a contact irritant response and suggests that genetic modiÞcation has not suppressed expected behavior. In addition, the behavioral responses of 8-to 10-d-old RIDL males were not, in general, different from younger males (4 Ð5 d old) of the same strain, indicating no effect of genetic modiÞcation on behavioral responses over this age period.
The magnitude of irritant responses, represented by the percentage responding in the CIA, indicates that the RIDL test cohorts demonstrated stronger escape rates as compared with the wild-type MAL population. The fact that the OX513A line exhibited stronger responses than the wild-type MAL strain suggests a potential negative effect to RIDL mating competitiveness as the wild-type strain may be more likely to remain inside an irritant-treated home for a longer period of time, increasing the probability of making contact with females. However, as both populations exhibited signiÞcant irritant and repellent behaviors to test compounds, the difference in magnitude may not affect competitiveness in the Þeld. Conversely, interbreeding between the RIDL and wild mosquitoes may also lead to some introgression of sensitivity alleles from the RIDL population into the wild population. This effect is likely to be stronger for femalelethal RIDL strains (Fu et al. 2007 (Fu et al. , 2010 Thomas et al., 2000) than for the bisex-lethal OX513A strain examined in this study. Such introgression of background (nontransgene) sensitivity or susceptibility alleles may represent a useful resistance management tool, tending to counter the potential spread of resistance alleles . Regardless, the impact of differences in strength of response between RIDL and MAL test populations cannot be determined in the current study.
It is important to note that the wild-type MAL population is from a long-established colony (F55), which may affect its behavioral responses. Reduced avoidance responses in long-term colonized strains have been reported from other behavioral studies evaluating both Ae. aegypti (Kongmee et al. 2004) and Anopheles spp. (Brown 1958; Chareonviriyaphap et al. 1997 Chareonviriyaphap et al. , 2004 . In addition, the RIDL population was reared with tetracycline, whereas the wild-type MAL population was not. This variation could have direct or indirect (e.g., through an effect on the microbiota) effects on the adult females and potentially explain the phenotypic differences observed. The wild-type MAL population was selected as a comparison cohort because it is the closest available match to the background genotype of the genetically modiÞed RIDL (OX513A-My) strain. Whereas laboratory data from deÞned behavioral assays cannot directly predict Þeld performance, data presented in the current study clearly demonstrate that irritancy and repellency behaviors exist in this GM strain similar overall to the MAL wild-type population.
In conclusion, as control strategies advance to include release of genetically modiÞed mosquitoes, so too must aims of laboratory and Þeld assay evaluations. A full understanding of vector responses to control products is vital to identifying best approaches to implementation. Findings from the current report indicate that, overall, the RIDL male population responds in a similar way to commonly used vector control chemicals as the natural MAL population: signiÞcant contact irritancy to pyrethroids and signiÞ-cant spatial repellency to DDT. However, these results may not be the case for other RIDL mosquito strains or different types of genetic modiÞcations, or indeed for other wild-type strains. Similar evaluations are warranted for each test population type to determine context-speciÞc behavioral effects.
We hope data from the current study will be used to help guide the implementation and interpretation of preliminary RIDL release trials in areas where other interventions are being employed. The overall impact of Ae. aegypti irritant and repellent responses on dengue transmission is currently unknown, and how the increased irritancy reported in this study in the RIDL strain as compared with the MAL wild-type strain may affect the success of a release strategy has yet to be deÞned. These answers will require integrating basic vector ecology studies (i.e., preferred mating time and location) with controlled experimental evaluations of behavior under Þeld conditions (i.e., hut studies using mark-release-recapture design) for incorporation into stochastic models for more reÞned predictions of RIDL strategy success.
